Hf 1−x−y Al x Si y N (0 ≤ x ≤ 0.14, 0 ≤ y ≤ 0.12) single layer and multilayer films are grown on Si(001) at 250
I. INTRODUCTION
NaCl-structure transition-metal (TM) nitride compounds and alloys are utilized in a wide range of applications based upon a unique set of properties including high hardness, 1,2 excellent scratch and abrasion resistance, 3 relatively low coefficient of friction, 4 high-temperature oxidation resistance, 5-7 electrical conductivity ranging from metallic to semiconducting, 8 optical absorption which can be tuned across the visible spectrum, 8 superconductivity, [9] [10] [11] and good diffusion barrier characteristics. [12] [13] [14] [15] While these materials are known to be hard, they are also brittle with relatively poor toughness which can result in fracture under loading due to crack formation and propagation.
Major advances in cutting-tool applications over the past decade stem from increased tool lifetimes due to TM nitride coatings providing enhanced resistance to abrasive and chemical wear. However, for high-speed cutting and turning operations, coatings are required to possess both high hardness and high fracture toughness to avoid abrasive wear resulting from film cracking. 16 Multilayer films have become increasingly important for tailoring materials properties and enhancing performance in mechanical and tribological applications. Layer interfaces act as barriers to dislocation motion and can also hinder crack propagation. In TM-nitride based multilayer systems (e.g., TiN/VN 17 and TiN/NbN 18 ), harda) hanfa@ifm.liu.se ness enhancements of up to 2.8× higher than those of the parent compounds have been demonstrated with bilayer periods Λ of 2-8 nm. TM-nitride/metal multilayers which combine hard and soft materials (TiN/Ni 19, 20 and TiN/Pt, 21 for example) have been suggested as potential candidates for protective coatings which are both hard and tough. 22 NbN/Mo 23, 24 and NbN/W 24 multilayers also exhibit improved high-temperature stability compared to TM-nitride/TM-nitride multilayer systems due to immiscibility. 25 Here, as an alternative to TM-nitride/metal multilayers, we explore a different synthesis route for the growth of multilayers that combine harder and softer materials. We use modulated high-flux, low-energy ion bombardment (ion energies E i = 10 -50 eV) of the growing film to create nanostructured multilayers with different bonding structures, leading to alternating harder layers and more ductile layers with essentially the same composition. With E i ≤ 10 eV and an ion-to-metal flux ratio J i /J M e = 8 incident at the growing film, X-ray photoelectron spectroscopy (XPS) results show that Si bonding in Hf 1−x−y Al x Si y N single-layer films consist of a mixture of Si-Si, Si-Hf, and Si-N bonds. With larger E i , the Si 2p binding energy shifts to higher values and Si bonding is dominated by more ionic Si-N bonds, resulting in a harder layer. With E i ≥ 50 eV, Si and Al concentrations decrease dramatically due to preferential resputtering of lighter elements, similar to that reported by Howe et al. 26 for controlling the AlN incorporation probability in Hf 1−x Al x N films.
Using sequential alternation of E i between 10 and 40 eV, we grow HfAlSiN-based multilayers with bilayer periods Λ = 2 -20 nm, in which the individual layer compositions are essentially the same, Hf 0.78 Al 0.10 Si 0.12 N and Hf 0.78 Al 0.14 Si 0.08 N, but the bonding structure switches. The hardness of Hf 0.78 Al 0.10 Si 0.12 N/Hf 0.78 Al 0.14 Si 0.08 N multilayers exhibits a monotonic increase from 20.2±0.7 to 27.1±0.9 GPa as the bilayer period Λ is decreased from 20 to 2 nm. The corresponding hardnesses of singlelayer Hf 0.78 Al 0.10 Si 0.12 N films grown with E i = 10 eV and Hf 0.78 Al 0.14 Si 0.08 N films grown with E i = 40 eV are 20.3±0.9 and 27.7±0.8 GPa, respectively. However, multilayer fracture toughness, qualitatively characterized by comparing crack lengths measured following 50-150 mN peak load nanoindentations with a Berkovich tip, increases with Λ. Thus, multilayers grown with intermediate periods are both hard and tough.
Hf 0.78 Al 0.10 Si 0.12 N/Hf 0.78 Al 0.14 Si 0.08 N multilayers with Λ = 10 -20 nm exhibit no crack formation under loads up to 150 mN, while multilayers with Λ < 10 nm develop multiple lateral 1.7-µm-long cracks along the sides of the indents. Thus, multilayers with Λ = 10 nm are fracture tough with a relatively high hardness, H = 24 GPa.
II. EXPERIMENTAL PROCEDURES
Hf 0.78 Al 0.10 Si 0.12 N/Hf 0.78 Al 0.14 Si 0.08 N multilayers, and constituent single-layer, thin films are grown in a loadlocked ultra-high vacuum (UHV) system described in detail by Petrov et al. 27 The target is a 75-mmdiameter, 5-mm-thick, water-cooled Hf 0.6 Al 0.2 Si 0.2 disc (99.5% purity, excluding 2% Zr, the usual impurity in Hf). Film growth is carried out in a magneticallyunbalanced mode 27 at a constant power of 100 W in a 5%-N 2 /Ar (99.999% and 99.9999% pure N 2 and Ar, respectively) discharge at 20 mTorr (2.67 Pa), with a target-to-substrate distance of 6 cm. Si(001) wafers, 1x1 cm 2 , are used as substrates. Multilayers are synthesized by sequentially switching the ion energy E i incident at the growing film between 10 eV (floating potential) and 40 eV, while maintaining the ion-to-metal flux ratio J i /J M e constant at eight.
Prior to deposition, the target is sputter etched for five minutes with a shutter shielding the substrate. The film growth temperature T s , including the contribution due to plasma heating, is 250
• C as determined by a thermocouple bonded to a dummy Si(001) wafer. The Si(001) substrates are cleaned and degreased in successive ultrasonic baths of acetone, ethanol, and deionized water, and blown dry in dry N 2 before being transferred to the vacuum load-lock and then to the UHV growth chamber. Final substrate cleaning consists of thermal degassing in vacuum at 450
• C for 20 min. After deposition, the samples are allowed to cool to < 100
• C before transfer to the load-lock chamber, which is then vented with dry N 2 . The deposition rate is 6.7Å/s for both single-layer and multilayer films; total film thicknesses are 1.2 µm for all layers, unless otherwise indicated.
Plasma characteristics adjacent to the substrate are determined from probe measurements, following procedures described by Thornton 28 and Petrov et al. 29 Incident ion current densities are obtained using a 6-mmdiameter stainless-steel disc mounted in the center of a specially-designed substrate holder. The planar probe is placed at the substrate position facing the target and is electrically isolated from the surrounding holder plate by a gap of 0.25 mm. The plasma potential, V p = -30 V, is determined from the current-voltage characteristics of a 2-mm-long, 0.4-mm-diameter cylindrical tungsten probe placed approximately 5 mm above the substrate surface.
A combination of Langmuir probe, 27 deposition rate, and film-composition measurements show that the ionto-metal flux ratio incident at the growing film remains constant at J i /J M e = 8 as E i is varied from 10 to 60 eV.
Elemental compositions of as-deposited films are determined by elastic backscattering spectrometry. To increase the sensitivity for Si, resonant backscattering is performed utilizing a resonance near 2.1 MeV in the Si(p,p)Si scattering cross section. 30 The measurements employ a 2.10 MeV proton beam incident at 10
• relative to the surface normal, with a backscattering angle of 172
• . Conventional Rutherford backscattering spectrometry (RBS) is carried out with 2.0 MeV 4 He + ions in the same scattering geometry and the spectra are analyzed using the SIMNRA 6.06 code. 31 Elemental compositions are accurate to ± 0.01.
Two Bragg-Brentano diffractometers with line-focus Cu K α X-ray sources are employed for film phase and structure analyses. θ-2θ scans are acquired over the 2θ range from 10 to 110
• with 0.5 • slits. X-ray reflectivity measurements are performed in a parallel-beam configuration with 2θ ranging from 0.5 to 6
• using 0.25
• slits for accurate positioning of the reflected peaks.
Nanostructural analyses are carried out in an FEI Tecnai G2 TF 20 UT transmission electron microscope (TEM) operated at 200 kV. Cross-sectional TEM (XTEM) samples are prepared by standard mechanical polishing and ion milling.
Film chemistry is probed using X-ray photoelectron spectroscopy (XPS) with monochromatic Al(K α ) radiation (hν = 1486.6 eV) in a Kratos Axis Ultra DLD spectrometer with a base pressure < 1.5 × 10 −9 Torr (< 2 × 10 −7 Pa). Si 2p, Al 2s, N 1s, and Hf 4f XPS spectra are collected after sputter-etching the samples for 2 min with 500 eV Ar + ions incident at an angle of 70
• with respect to the surface normal. Compositional depth profiles of multilayer samples are obtained by sequential spectra acquisition following step-wise sputteretching (1 min per step corresponding to the removal of ∼0.64 nm based upon XTEM analyses and etch rate calibrations), in which the ion current density at the sample is 27 mA/cm 2 . Zalar sample rotation 32 is employed to enhance depth resolution. The raster size is 3x3 mm 2 and the analysis diameter is 110 µm centered in the middle of the erosion crater.
A Hysitron TI-950 TriboIndenter with a 142.3
• Berkovich diamond probe is used to measure film hardnesses. Tip-area functions are calibrated with a fusedsilica reference sample. A minimum of 20 indents, each to a depth of ∼ 80 nm corresponding to a maximum applied load P max = 7.7 mN, are made in each sample. The indentation procedure consists of three steps: (1) a 5 s loading period to P max , (2) hold for 2 s, and (3) unloading during 5 s. The maximum indentation depth is less than 7% of the film thickness, 1.2 µm, to minimize substrate effects on film hardness measurements. Sample hardnesses and standard deviations are determined following the method described by Oliver and Pharr.
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Film toughness is assessed, in a qualitative way, based upon crack formation during nanoindentation by a Berkovich diamond tip in a UMIS Nanoindenter with loads of 50, 100, and 150 mN under a constant loading rate. Corresponding indentation depths are 330, 540, and 700 nm; 28 -58% of the film thickness. The propensity for sample cracking is analyzed in a LEO 1550 scanning electron microscope (SEM) operated at 5 kV.
III. RESULTS AND DISCUSSION

A. HfAlSiN film growth and nanostructure
All layers are found to be stoichiometric with N/(Hf+Al+Si) = 0.99±0.04. Alloy films contain 1.5-2.0 at% Zr (the usual impurity in Hf targets) and < 2 at% of other impurities (primarily oxygen). The composition of single-layer films deposited on electrically floating substrates (E i = 10 eV) at T s = 250
• C is Hf 0.78 Al 0.10 Si 0.12 N. Compared to the target composition, Hf 0.6 Al 0.2 Si 0.2 , this corresponds to a loss of the lighter elements Al and Si due primarily to enhanced gas-phase scattering during transport from target to substrate. Sputtered Hf atoms (mass 178.5 amu) scatter predominantly in the forward direction during collisions with both Ar (40 amu) and N 2 (28 amu). Thermalization distances for Al and Si are shorter than for Hf, and hence the lighter-mass species have a lower probability of reaching the substrate. Once thermalized, the sputter-ejected atoms lose directional motion and diffuse randomly. Table I shows elemental compositions of films deposited with E i varied from 10 to 50 eV. As the incident ion energy E i during deposition is increased from 10 eV to 20, 30, and 40 eV, there is a small tendency to lose Si, while the relative Al concentration increases slightly. This is due to a stronger tendency for Si to segregate to the surface of the NaCl-structure nanograins combined with preferential resputtering. With E i ≥ 50 eV, the films are essentially pure HfN. This is consistent with the observations of Howe et al. who demonstrated real-time control of the AlN concentration in epitaxial pseudobinary Hf 1−x Al x N(001) layers grown from a single Hf 0.7 Al 0.3 alloy target. 26 The AlN incorporation probability varied dramatically (> 200×) due to bombardment of the growing films with high-flux, low-energy ions dur- ing deposition in which E i ranged from 10 to 80 eV. The large ion-to-metal flux ratio, J i /J M e = 8, used in both Howe et al.'s and the present experiments, results in amplification of the Al and Si resputter yields from the growing film due to the high density of short, overlapping, and nearly isotropic collision cascades. The real-time manipulation of film composition during deposition is due primarily to the efficient resputtering of Al (27 amu) and Si (28 amu) atoms by Ar + ions neutralized and backscattered from heavy Hf atoms in the upper layers of the growing film. Fig. 1 is an XTEM image of a HfAlSiN multilayer structure grown as a function of E i in steps of 10 eV from 10 to 60 eV. The layers are 65 nm thick, except the top layer grown with E i = 60 eV, which is 130 nm thick. The image is acquired in dark field; thus, bright areas correspond to crystalline grains. The bottom two layers, grown with E i = 10 and 20 eV, exhibit uniform contrast with no distinguishable columnar structure, indicative of a fine approximately-equiaxed nanograin structure. At E i = 30 eV, there are clear regions of uniform brightness extending throughout the thickness of the layer. The nanocolumns are very pronounced in the 40 eV layer and extend continuously, via local epitaxy, through the 50 and 60 eV layers, which are essentially pure HfN, to the upper film surface. The 40 eV layer has a well-developed columnar structure (average column diameter of ∼ 20 nm) with significant concentrations of Si and Al (see Table I ). Here, we investigate the nanostructures of single-layer 10 eV and 40 eV films in more detail.
The only θ/2θ XRD film peaks from 1.2-µm-thick E i = 10 and 40 eV HfAlSiN layers observed over the 2θ range from 10 to 110
• are 002 and 004. Fig. 2 shows θ/2θ XRD scans in the vicinity of the 002 peaks for Hf 0.78 Al 0.10 Si 0.12 N (E i = 10 eV, lower scan) and Hf 0.78 Al 0.14 Si 0.08 N (E i = 40 eV, upper scan) films, respectively. The intensity of the E i = 40 eV peak is almost 5× that of the layer grown with E i = 10 eV, indicating enhanced crystallinity. The full-peak-width at half maximum (FWHM) intensity, corrected for instrumental broadening, decreases from 1.377
• for films grown with E i =10 eV to 1.002
• with E i = 40 eV. The 002 peak from the nanocomposite Hf 0.78 Al 0.10 Si 0.12 N
FIG. 1.
Dark-field XTEM image from a six-layer Hf1−x−yAlxSiyN film grown on Si(001) at Ts = 250
• C with Ei varied in 10 eV steps from 10 to 60 eV and Ji/JMe = 8. Layers grown with Ei = 10 to 50 eV are 65-nm thick and the 60 eV layer is 130 nm.
(E i = 10 eV) film is located at 39.64
• , while for the nanocolumnar Hf 0.78 Al 0.14 Si 0.08 N (E i = 40 eV) layer, 2θ = 39.74
• . For reference, 2θ = 39.721
• for the 002 peak of HfN/MgO(001) and ranges from 39.7 to 40.1
• for epitaxial Hf 1−x Al x N as x is increased from 0 to 0.5.
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Fig . 3(a) is a typical bright-field XTEM (BF-XTEM) image of a nanocomposite Hf 0.78 Al 0.10 Si 0.12 N (E i =10 eV) film with a corresponding selected-area electron diffraction (SAED) pattern in the upper inset. The image reveals only minor contrast, with small darker regions of coherently diffracting equiaxed nanocrystals of size < 5 nm. There is no observable columnar structure extending along the growth direction, an indication of the formation of an x-ray amorphous tissue phase which encapsulates the nano-sized grains and results in continuous renucleation during film growth. The latticeresolution image in the lower inset shows an example of a typical nanograin (outlined with a white dashed line) surrounded by the disordered phase. The SAED pattern contains a pronounced broad continuous halo, the signature of a significant amorphous component in the film. Higher intensity, elongated arc-shaped diffraction spots provide evidence for the presence of nanocrystals, which exhibit a strong (002) orientation in agreement with the XRD results. We have observed similar highly-oriented nanocomposite layers in Ti 1−x Ce x N. Fig. 3(b) is a BF-XTEM image with a corresponding SAED pattern from an E i = 40 eV nanocolumnar Hf 0.78 Al 0.14 Si 0.08 N film. Contrast in the image arises from darker ∼20-nm-wide columnar domains. Compared to the E i = 10 eV nanocomposite films, crystallinity is much more pronounced. The SAED pattern contains more intense (002)-oriented arcs along the growth direction, with no amorphous halo. The increased crystallinity in E i = 40 eV layers, as evidenced by both XRD and TEM, is a direct consequence of enhanced adatom mobility due to increased momentum transfer provided by higher-energy ion irradiation.
B. XPS analyses of single-layer HfAlSiN films
We use XPS to investigate the effect of ion bombardment on HfAlSiN bonding configurations. XPS survey scans (0-600 eV) from alloy films grown with E i = 10 eV (lower curve), E i = 40 eV (middle curve), and E i = 50 eV (upper curve), are shown in Fig. 4 . The higher-energy (>150 eV) spectral regions consist primarily of Hf (4p 1/2 , 4p 3/2 , and 4d) and N 1s peaks, and include small 3p and 3d peaks from Zr, the usual impurity in Hf. In the lower binding-energy region, the strongest peaks are due to Hf 4f. Al 2s and 2p and Si 2p peaks are present in spectra from E i = 10 and 40 eV layers, but are not observable in the spectrum from the E i = 50 eV film. This is consistent with the backscattering compositional results presented in section III A and Table I , which show that E i = 50 eV layers are HfN with no detectable Al or Si. peak at 99.1 eV is assigned to Si-Si (99.3 eV), 37 but a possible component from Si-Hf (99.5 eV) 38 bonds cannot be excluded.
The intensity ratio of the two Si 2p peaks changes dramatically with E i . For HfAlSiN films grown with E i = 10 eV, the major contribution is from the lowerenergy Si-Si/Si-Hf peak, while for films grown with E i = 20 eV, the lower energy (Si-Si/Si-Hf) and higher energy (Si-N) components are approximately equal in in- tensity. As E i is increased to 30 and 40 eV, the Si-N peak increases in intensity and the Si-Si/Si-Hf contribution decreases. The Si 2p peak disappears, corresponding to the nearly complete loss of Si from the film when E i is increased to 50 eV, in agreement with the resonant backscattering spectroscopy results. We assign the Si-N peak to Si incorporated in NaCl-structure HfAlSiN nanograins and the Si-Si/Si-Hf peak to Si residing in the disordered regions.
The Si XPS results correlate well with the nanostructural and diffraction data obtained from E i = 10 eV layers indicating that the films are nanocomposites, consisting of NaCl-structure grains, average size d < 5 nm, surrounded by a disordered tissue phase. In these films, Si is incorporated in both the crystalline and the amorphous phases, thus the XPS Si 2p signal is composed of both Si-Si/Si-Hf and Si-N components. As the ion energy is increased to 40 eV, the Si-N XPS peak becomes dominant as the Si is predominantly in NaCl-structure nanograins and characterized by cation-anion bonding. The disordered phase is almost completely eliminated as the nanograins extend along the growth direction in nanocrystalline columns (average diameter ∼ 20 nm).
C. Mechanical properties of single-layer HfAlSiN films
The difference in crystallinity between the E i = 10 eV and 40 eV layers affects both their hardness and their toughness. is characterized by indenting the films with a Berkovich diamond tip using increasing loads from 50 mN until visible cracks are formed, or until a maximum load of 150 mN is reached. With 150 mN loads, the penetration depth is ∼700 nm (58% of the film thickness). Typical SEM images aquired after indentation with 150 mN are presented in Fig. 6(a) for a E i = 10 eV nanocomposite layer, and in Fig. 6(b) for a E i = 40 eV nanocolumnar layer. The softer nanocomposite layer exhibits no cracks, whereas the harder nanocolumnar layer has extensive lateral cracking with 2-µm-long cracks along the sides of the indent.
The above results suggest the possibility of synthesizing nanocomposite/nanocolumnar HfAlSiN multilayers, consisting of alternating layers with nearly identical chemical composition, but with different Si bonding, by modulating the substrate bias voltage during sputter deposition from the same target in order to obtain films which are both hard and exhibit good ductility. The presence of Si and Al in the layers should also enhance high-temperature oxidation resistance.
FIG. 7.
Low angle (2θ = 0.5 -6
• ) X-ray reflectivity scans from ncp-Hf0.78Al0.10Si0.12N/ncl-Hf0.78Al0.14Si0.08N multilayer films with bilayer periods Λ = 2 -20 nm. All multilayers are grown on Si(001) substrates at Ts = 250
• C with Ji/JMe = 8 and sequentially switching Ei between 10 eV and 40 eV. Arrows indicate superlattice peak positions obtained from Eq. 1 for each bilayer period Λ (see text for details). on Si(001) substrates at T s = 250
D. HfAlSiN-based multilayers
• C with J i /J M e = 8 by sequentially alternating E i between 10 and 40 eV. Dotted lines indicate the expected peak positions obtained by plotting sin 2 θ vs. n 2 based upon the following equation, 39 and fitting the slope of the curve to the bilayer period.
n is the integer order of a superstructure peak, λ = 0.154056 nm is the x-ray wavelength, Λ is the bilayer period, η is the complex refractive index of the film, and θ is the scattering angle. With Λ = 2 and 4 nm, only one peak is detected, which shifts to lower 2θ as Λ is increased. Multilayer films with Λ ≥ 6 nm exhibit three or more superstructure reflections. Bilayer thicknesses Λ calc calculated from the peak positions (and Λ values obtained from deposition rate calibrations) are: Λ calc = 2 nm (Λ = 2 nm), 4 nm (Λ = 4 nm), 5.6 nm (Λ = 6 nm), 7.2 nm (Λ = 8 nm), 11.5 nm (Λ = 10 nm), 13.7 nm (Λ = 12 nm), 21.7 nm (Λ = 16 nm), and 22.9 nm (Λ = 20 nm). Λ calc and Λ are in reasonable agreement. line shapes (a convolution of Gaussian and Lorentzian functions), one for each Si chemical state. 41 After ion etching through an ∼2.5-nm-thick air-exposed surface oxide layer, the primary Si 2p signal in the upper film layer (∼5 nm thick) arises from the Si-N peak. The primary Si peak in the next 5-nm-thick layer is Si-Si/Si-Hf. This continues sequentially through the six-layer 30-nm-thick multilayer. The XPS signature of the multilayer structure is the alternating change in the Si bonding state. Fig. 9(a) is a BF-XTEM image, with a corresponding SAED pattern in the upper right inset, of a ncp-Hf 0.78 Al 0.10 Si 0.12 N/ncl-Hf 0.78 Al 0.14 Si 0.08 N multilayer film grown on Si(001) under the same conditions, other than Λ, as those corresponding to Fig. 8 , with E i alternated between 10 and 40 eV. Individual layers are of equal thickness with a bilayer period Λ = 4 nm. The BF-XTEM image consists of brighter and darker layers with the contrast arising from nanograins that appear dark in the bright-field image due to Bragg diffraction contrast. The E i = 10 eV layers are brighter overall due to a lower volume of coherently diffracting grains, as shown in the lattice resolution image (lower left inset in Fig. 9(a) ), which contain higher Si concentrations with a significant fraction of Si-Si/Si-Hf bonding.
The darker E i = 40 eV layers, with well-defined NaCl-structure nanocolumns, in Fig. 9(a) appear thicker than the lighter-contrast layers and account for approximately 2/3 of each 4-nm-period. This occurs since the nanocolumns continue to grow via local epitaxy, even after E i is switched from 40 to 10 eV, until sufficient Si surface segregation forces renucleation. Both BF-and HR-TEM images show that columns with uniform brightness, indicating local epitaxial growth, persist through tens of bilayers (i.e, darker domains extend through many brighter and darker layers). The SAED pattern reveals that the multilayer has an (002) texture; the overall pattern more closely resembles the one corresponding to the E i = 40 eV nanocolumnar single-layer film in Fig. 3(b) , than the E i = 10 eV nanocomposite singe-layer film in Fig. 3(a) . Fig. 9(b) is a BF-XTEM with an SAED pattern from a multilayer film grown under the same conditions as the film in Fig. 9(a) , but with a bilayer period Λ = 10 nm. The image also consists of brighter and darker layers, but with more diffuse interfaces. The origin of the contrast is the same as that described above; darker layers have a higher volume fraction of coherently diffracting NaClstructure grains. In this case, however, the thickness of the E i = 10 eV layer is large enough to inhibit columnar growth continuing through multiple bilayers. A nominal thickness of 5 nm for the 10 eV layer is sufficient to overcome the tendency for local epitaxy on the underlying crystalline columns, and to form a fully percolated disordered layer encapsulating the nanograins. The SAED pattern reveals that this multilayer film also has a (002) preferred orientation, but with a more pronounced amorphous halo.
Hardness • C with Ji/JMe = 8. Fig. 10 with arrows. Typical SEM images acquired following nanoindentation assessment of ncp-Hf 0.78 Al 0.10 Si 0.12 N/nclHf 0.78 Al 0.14 Si 0.08 N multilayer fracture toughness are shown in in Fig. 11 . For multilayers with Λ between 2 and 8 nm, no cracks are observed with indentation loads < 150 mN. Crack formation is only visible at a load of 150 mN, for which ∼1.6 µm-long lateral cracks are formed along the sides of the indent, as shown in Fig. 11(a) for a multilayer with Λ = 4 nm. The penetration depth is ∼ 700 nm, corresponding to 58% of the film thickness for 150 mN loads. For multilayers with Λ = 10 -20 nm, crack formation is never observed, even at the highest loads, 150 mN, used in these experiments. A typical SEM image from a Λ = 10 nm multilayer indented at 150 mN is shown in Fig. 11(b) .
The results indicate that there is a transition from brittle to ductile behavior for multilayer periods Λ between 4 and 10 nm. In multilayers with Λ ≤ 8 nm, the nanocomposite E i = 10 eV layers are too thin to disrupt nanocolumnar growth from the E i = 40 eV underlayers, and offer no effective barrier to crack formation and propagation. With increasing bilayer periods, hardness decreases due to an increasing thickness of the softer E i = 10 eV layers, now thick enough to disrupt the continuous growth of E i = 40 eV nanocolumns, which absorb sufficient energy to inhibit crack formation and propagation. No cracks are observed in multilayers with Λ ≥ 10 nm. Thus, ncp-Hf 0.78 Al 0.10 Si 0.12 N/nclHf 0.78 Al 0.14 Si 0.08 N multilayers with Λ = 10 nm combine fracture toughness with a relatively high hardness of 24 GPa.
IV. CONCLUSIONS
We investigate the nanostructure and mechanical properties of films reactively sputter-deposited from a Hf 0.6 Al 0.2 Si 0.2 target as a function of the energy, E i = 10 -50 eV, of ions incident at the growing film with an ion-to-metal flux ratio J i /J M e = 8. All films are essentially stoichiometric, with N/Me = 0.99±0.04; however, Si and Al concentrations are lower than that of the target due to reduced gas-transport probabilities compared to heavier Hf atoms and to preferential resputtering from the growing film. As the incident ion energy E i is increased from 10 to 20, 30, and 40 eV, there is a small tendency to lose Si, while the relative Al concentration increases slightly, due to a stronger propensity for Si to segregate to the surface of the NaCl-structure nanograins and be preferentially resputtered. With E i ≥ 50 eV, essentially all Si and Al atoms incident at the film surface are resputtered and the films are nanocolumnar HfN. Over the energy range 10-40 eV, we observe only small changes in film elemental composition, but the Si bond state changes continuously from a mixture of Si-Si, SiHf, and Si-N with E i = 10 eV to predominantly Si-N bonding with E i = 40 eV. There are also corresponding changes in the film nanostructure. E i = 10 eV nanocomposite films consist of nanograins with average diameter < 5 nm encapsulated with a fully-percolated disordered layer. The nanocomposite structure gives rise to mixed Si-Si/Si-Hf/Si-N bonding. In contrast, E i = 40 eV layers are nanocolumnar, with average column diameters ∼20 nm; the strong Si-N 2p bonding component reveals a higher fraction of Si residing within the nanocolumns.
Nanocolumnar layers, grown with E i = 40 eV, have hardness H = 27.7±0.8 GPa, while the E i = 10 eV nanocomposite layers have a lower hardness value, H = 20.3±0.9 GPa. The nanocomposite layers exhibit no cracks after loading with a Berkovich diamond tip up to 150 mN, whereas the harder nanocolumnar layers exhibit extended lateral cracking along the sides of the residual indents at all loads between 100 and 150 mN. Softer ductile nanocomposite (ncp) layers and harder, more brittle, nanocolumnar (ncl) layers with nearly the same chemical composition were combined to form hard multilayer films which also exhibit good fracture toughness.
We grow ncp-Hf 0.78 Al 0.10 Si 0.12 N/nclHf 0.78 Al 0.14 Si 0.08 N multilayers with periods Λ ranging from 2 to 20 nm by sputter-deposition from the same target and sequential modulation of E i between 10 and 40 eV. This produces alternating layers of essentially the same composition, but in which the Si 2p bonding alternates between a mixture of Si-Si/Si-Hf/Si-N bonds (E i = 10 eV), arising from the encapsulated nanograins, to primarily Si-N bonds (E i = 40 eV) from the nanocolumns. As the multilayer period is increased, there is a monotonic decrease in the hardness from 27 (Λ = 2 nm) to 20 GPa (Λ = 20 nm) due to increased thickness of the softer E i = 10 eV layers. Fracture toughness, as characterized by crack formation during indentation, exhibits a transition from brittle to ductile with increasing Λ. We find that for Λ ≤ 8 nm, the E i = 10 eV nanocomposite layers are too thin to disrupt continuous columnar growth from the E i = 40 eV underlayers, which results in extension of the crystalline columns in the growth direction over many bilayer periods. Thus, these samples are brittle. For multilayers with ≥ 10 nm, the nanocomposite layers are thick enough to disrupt nanocolumnar growth and the multilayers exhibit enhanced fracture toughness. Thus, with Λ = 10 nm, one can obtain nanocomposite/nanocolumnar HfAlSiN multilayers which are both hard and tough. 
